In this paper, a feedforward control circuit for buck and buck-derived converters is proposed, analyzed, and tested. Analysis under reasonable approximations shows that excellent regulation that compensates input voltage variations can be achieved, allowing open-loop operation. A test circuit is constructed and subjected to experimental verification. Measurements of AC and DC response under the input voltage variations are performed, exhibiting good agreement with analytical predictions. Deviations from the ideal performance were explained, and future work is suggested to achieve further improvements.
I. INTRODUCTION
Most of classic implementations of switchmode voltage converters use feedback loops for output voltage regulation. This requires non-linear control system design, some knowledge about load characteristics, and tuning of the final design. Even with careful design, changes in load characteristics and large variations in supply voltages can lead to the output voltage instability and variations larger than specified, possibly causing malfunction or even damage of the load. Sometimes, strict output tolerances could require higher switching frequencies in order to allow for greater system bandwidth needed for better regulation [1] , leading to suboptimal design of the power part of the system, reducing efficiency significantly. A feedforward control term measuring input voltage and compensating for its variations can reduce required feedback loop gain, and thus increase the system stability. It will be shown that proposed feedforward control technique also allows for completely linear control of a buck converter in the continuous conduction mode (CCM), reducing the control loop design effort vastly. It is also possible to eliminate the feedback term in the control system, albeit with reduced regulation performance [2] . In this paper, a control system for buck converter is presented, how it was designed and tested, but similar systems can be implemented in different converter types [3] . The system can be applied directly to all buck-derived converters. A simplified analysis is performed for the proposed system, while real world characteristics were measured in order to investigate both open and closed loop system performance.
II. ANALYSIS OF THE PROPOSED SYSTEM A. Buck Converter Model
Buck converter circuit diagram with labels for variables used in the analysis is shown in Fig. 1 .
For normal operation of the buck converter, switch is periodically opened and closed with the switching frequency f s . During a single switching period T s , T s = 1 fs , the switch is closed during d(t) T s and opened during (1 − d(t)) T s . If the converter is in the CCM, where ∀t | i L (t) > 0, then during the switch off-time the diode is conducting, connecting the inductor input terminal to the ground. If L and C are large enough to filter out the ripple caused by the switching, satisfying requirements to apply small ripple approximation, and the circuit has reached its steady state, then
where i OU T (t) = I OU T is assumed constant, and v L (t) = 0
where overline represents averaging over T s . The switching pattern is assumed as
where S is boolean variable containing the switch conduction state. It should be noted that for one switching period only 
Averaging
Similarly as d(t), in the case of clocked averaging v X (t) is defined as a single value per one switching period, but it is considered as a slowly changing continuous time variable to facilitate continuous time system analysis. Combining (2) and (5), a buck converter DC response is obtained
To perform ac analysis, a circuit diagram that corresponds to averaged circuit of Fig. 1 is shown in Fig. 2 . To simplify the analysis, a current sink load is assumed. As noted in Introduction, load characteristics should be known since the load type would affect transfer functions, even jeopardizing stability.
Solving the circuit of Fig. 2 in complex domain utilizing the theorem of superposition, the system output voltage is obtained as
where averaging is assumed, avoiding overline in symbols of variables.
which after performing perturbation reduces to
Assuming that d(t) v in (t) ≈ 0, the following time domain approximation is obtained v
which can be represented in complex domain as Combining (7) and (11), complete small signal model is obtained as a set of transfer functions
and
B. Peak Value Modulation
An essential part of the proposed feedforward control system is a peak value modulator (PVM). It provides simple input voltage measurement and appropriate control of the buck converter. With some modifications, similar system can be used for other switching converter configurations [3] .
In PVM, the input voltage is sampled at intervals determined by the switching frequency. A sawtooth waveform is generated with peak values proportional to the input voltage values. In practical implementations a sample and hold circuit can be used for input voltage sampling [3] , but simpler option is to produce a sawtooth waveform with the slope proportional to the input voltage. This is achieved by the circuit shown in Fig.  3 .
In the circuit of Fig. 3 , capacitor C sg is charged through R sg at a rate proportional to v IN value. v P U LSE is a low duty ratio clock signal which triggers discharge of C sg at the beginning of each switching cycle.
for 0 ≤ t < T s , assuming negligible duty ratio of v P U LSE and corresponding discharge time. Assuming that C sg is fully discharged at the beginning of the switching period,
and again this is a discrete time variable being treated as a continuous time one. In the calculations, it is assumed that v IN is slowly changing, being approximately constant over one switching period. Sawtooth waveform is compared to a reference voltage v A in order to obtain square-wave signal S (3) with the duty ratio d(t). Complete circuit diagram is shown in Fig. 4 , while relevant PVM waveform shapes are shown in Fig. 5 . The waveforms are shown as normalized values and to illustrate the peak value modulator operation in order to obtain the feedforward circuit model easily. Also, between 2 T s and 3 T s , v IN experiences an abrupt change and does not meet a slow variation criterion, which is a situation that might occur in practice. In that switching cycle the modulator is not linear, and the peak value of v SG corresponds to the average of v IN during that switching period, while d(t) is somewhat imprecisely determined, depending on the abrupt change timing. In a buck converter implementation, this case only affects a single switching period, which would not cause a significant disturbance in the output voltage. Also, it should be underlined that the input voltage variations are not synchronized with the system clock, and that the proposed solution might be the best that could be done.
According to Fig. 5 , d(t) is obtained as
If For dynamic model analysis with the new control variable, the circuit diagram of Fig. 2 Figure 6 . Experimental circuit.
is obtained by substituting d(t) from (18) in (5) and cancelling
Substituting v X from (20) in (7), dynamic model of feedforward controlled buck converter is obtained as
Based on the dynamic model, transfer functions are obtained as follows
By applying feedforward and changing the control variable, variations in the input voltage are completely compensated for. Furthermore, the buck converter became a linear time invariant system, allowing for an easier regulator design. For constant or slowly changing converter output current, according to (19) and (21) fully open loop operation should be possible achieving good output voltage regulation.
III. EXPERIMENTAL RESULTS

A. Experimental Setup
To analyze buck-converter response with feedforward control, a test circuit shown in Fig. 6 is constructed.
In order to create an easily controllable and repeatable input voltage variations, a dedicated linear power supply is built. It consists of LM301 general purpose operational amplifier U 1 with a class-B style stage consisting of two NPN output power transistors MJE15030 (Q 2 and Q 4 ) added, and two smaller input stage transistors BC337 and BC327 (Q 1 and Q 3 ). The output is filtered by a 100 µF electrolytic capacitor C 1 , and loaded by a bleeder resistor R 1 = 100 Ω. This circuit allows superimposing of up to 100 Hz sine wave on the input power supply of the buck converter.
Buck converter with feedforward control is constructed using BS170 MOSFET switch Q 6 , 1N4148 diode D 1 , 610 µH toroidal inductor, and a 100 µF capacitor C 3 . The circuit is loaded by R 4 = 68 Ω and the output current is sensed using R 5 = 1 Ω to confirm that the converter is operating in the CCM. Feedforward circuit consists of LM311 comparator with an open collector output, C 2 = 10 nF, R 3 = 5.6 kΩ sawtooth wave generator with BS170 discharge transistor Q 5 and R 2 = 10 kΩ pull-up resistor. Voltage v P U LSE is a 100 kHz square wave with 500 ns pulse width.
The circuit is powered by a 20 V power supply V CC . During the experiments, appropriate input signal voltages were generated by Rigol DG1032z dual channel signal generator. Output voltages were measured by Rigol DS1054z quad channel oscilloscope. One DC input signal voltage is produced using a 10-turn 50 kΩ potentiometer with buffered output. Instruments are controlled via LXI protocol using Python scripts for automation and additional processing [4] .
B. Buck Converter DC Response
In order to test the constructed circuit and to compare the open loop performance with and without the feedforward control, a simple buck converter dc response was measured. To ensure consistency, U 2 is used for transistor driving. Its non-inverting input is connected to a square-wave generator. v IN ref was connected to a DC source voltage, being swept during measurements from 5 V to 10 V. Duty ratio d was kept constant at values
The values of v outN om were in the range from 1 V to 4.5 V in 0.5 V increments. The measurement results are shown in Fig.  7 .
As can be seen from the measurements, the output voltage of the buck converter is proportional to the input voltage, matching theoretical values predicted by (6). This converter would exhibit poor regulation if used in an open-loop mode configuration. 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10 Figure 7 . Measured buck converter DC response.
C. Feedforward Compensated Buck Converter DC Response
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10 measurements, d is computed using the oscilloscope internal duty ratio estimation. Measurements of v OU T are shown in Fig. 8 , and measurements of d are shown in Fig. 9 . As it can be observed in Fig. 8 , regulation performance is significantly improved in comparison to the unregulated buck converter. Dependence on the input voltage still exists caused by imperfections of the sawtooth generator. Rising edges are just approximately linear, and represent an exponential rise, while falling edge is not instantaneous. Measurements of d show a good match with theoretical expectations from (18).
D. Feedforward Compensated Buck Converter, v A DC Response
Purpose of this experiment is to measure dc response for the new control variable v A . The circuit is configured as in the previous experiment. Measurement of v OU T (v A ) is performed for multiple input voltage values. At the beginning of each measurement, the input voltage is manually trimmed to the appropriate value. During the procedure, v A is swept from 0.07 V to 0.8 V while v OU T is measured. Acquired data are plotted on Fig. 10 . Measurements expose slight non-linearity in the response which differs from theoretical expectations, being caused by imperfections explained in Subsection III-C. A crossover point can be observed at about v A = 0.38 V. This is the point where dominant error source changes. At lower output voltages, the falling edge duration leads to longer on time, increasing the output voltage above theoretical by a constant proportional to the input voltage. At higher output voltages, exponential nature of the sawtooth rising edge increases the output voltage. This effect is more pronounced for lower input voltage values.
E. Feedforward Compensated Buck converter, H va (s) AC Response
A set of experiments to analyze small signal behavior of the circuit was designed. Due to the large distortions at higher frequencies, the authors chose to perform linearization of the system by measuring the magnitude and phase of the first harmonic of the output voltage waveforms for sinusoidal input perturbations. This has been performed in order to obtain results with better qualitative description of the circuit performance. In the case the feedback loop is implemented, it is expected to have a low bandwidth having the first harmonic is in its passband, justifying the linearization.
Measurement of the parameters is performed applying discrete Fourier transform on an integer number of periods to prevent spectral leakage. Magnitude and phase were simultaneously measured for both the input and the output signals, which allowed for simple frequency response computation.
For v A ac response measurements, its waveform is set to v A = 425 mV + 375 mV sin(2 π f test t).
During the measurements, the signal frequency is swept in the range from f test = 10 Hz to f test = 10 4 Hz. Measured amplitude and phase response are shown in Figs. 11 and 12. Measured frequency response exposes a good match with expected results. Feedforward controlled buck converter behaves like a low pass filter for v A input.
F. Feedforward Compensated Buck Converter |H va (s)| AC Response
In order to confirm statements of (22)-(24), the input voltage was perturbed using a sinusoidal wave and the output Test frequency was swept during the measurements in the range from f test = 5 Hz to f test = 100 Hz. Measurements were taken for multiple rated output voltage values. Before each measurement, the output voltage for v IN = 7.5V was manually trimmed to approximately v outN om . Measured response is shown in Fig. 13 . It can be observed that for v outN om = 2 V, amplitude response is out of the diagram. This value of rated output voltage corresponds to the crossover point described in Subsection III-D, leading to high input voltage perturbation suppression. Measurements match the expected results. Amplitude of the output voltage oscillations is low, showing good regulation.
IV. CONCLUSION
In this paper, a simple feedforward technique to compensate for the input voltage variations in buck converters is analyzed. The technique is based in peak value modulation of the oscillator voltage in the pulse width modulated circuit. Design of the peak value modulated oscillator is discussed, and a simple structure that satisfies the requirements is proposed. Analytical model of the proposed system is derived, illustrating that perturbations of the input voltage were successfully removed from the output voltage by applying the proposed feedforward technique. Proposed solution and its analytical model were extensively experimentally tested. The analytical results were completely verified, indicating that even open loop control of the buck converter is possible in low end applications.
